only partially cured and in case of acute liver failure, the outcome is very heterogeneous. 3 In fact, the long-term success of HTx is still limited by insufficient engraftment and enduring acceptance of cellular allografts. Effective immunosuppression regimens for hepatocyte transplantation have yet to be identified and most centres use protocols known from OLT, despite the fact that hepatocytes are highly immunogenic compared to the liver itself. 4 Disparities at human leucocyte antigen (HLA) class I and class II loci remain a relevant obstacle in solid organ transplantation.
Hepatocytes constitutively express HLA class I antigens and are able of up-regulating HLA class II under inflammatory conditions supporting the allogeneic immune response. [5] [6] [7] Previously, we have demonstrated the feasibility of silencing HLA class I expression in several cell types such as endothelial cells, fibroblasts or CD34 + cells. Furthermore, we showed that the down-regulation of HLA class I antigens prevents cellular and humoral allogeneic immune responses contributing to an overall improved allograft survival in vitro and in vivo. However, residual expression of HLA class I antigens was shown to be essential for preventing NK cell cytotoxic activity. [8] [9] [10] Hence, in this study we evaluated the feasibility of reducing the strength of the alloimmune response towards primary human hepatocytes (PHH) by silencing HLA class I surface expression.
| E XPERIMENTAL PROCEDURE S

| Hepatocyte isolation and culture
Liver tissue was obtained from patients (n = 15) undergoing partial hepatectomy upon written informed consent (approved by the ethic commission of Hannover Medical School, #252-2008).
Hepatocytes were isolated by a modified two-step collagenase perfusion as previously reported 11 and cultured using collagenpre-coated 6-well plates. After 16-18 hours culture medium was renewed to remove dead cells and ensure formation of a confluent monolayer.
| Lentiviral constructs, vector production and transduction of hepatocytes
A lentiviral vector system was used to deliver short hairpin RNA (shRNA) to silence β2-microglobulin (shβ2m) expression. A vector encoding for a non-sense sequence was used as a control shRNA (shNS). The vector was produced as previously described. 8 Briefly,
HEK293T cells were cotransfected with psPAX2, pMD2.G and the vector encoding for the shRNA sequence using calcium phosphate Afterwards, hepatocytes were washed and cultured with fresh culture medium.
| Analysis of beta2-microglobulin transcript levels
Total RNA was isolated from hepatocytes (RNeasy Mini Kit, Qiagen, Hilden, Germany) and reverse transcribed to cDNA using the high-capacity cDNA reverse transcription kit (Applied Biosystems, Darmstadt, Germany). Beta2-microglobulin (β2m) mRNA levels of hepatocytes were analysed as described before. 12 Briefly, the native or genetically modified hepatocytes were harvested and total RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer's instructions. Reverse transcription of RNA into cDNA was performed with the high-capacity cDNA reverse transcription kit (Applied Biosystems, Darmstadt, Germany).
β2m transcript levels were analysed by real-time PCR using specific predesigned TaqMan Gene Expression Assays (Hs00984230_m1; Thermo Fisher). Expression values were calculated as ratio to glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Hs02758991_g1;
Thermo Fisher), which was used as internal control (relative quanti-
. Measurements were performed with PHH from n = 3 different donors.
| Mixed lymphocyte hepatocyte culture (MLHC)
On the basis of the in vitro model by Bumgardner et al, 13 we recently described a modified approach of MLHC. 7 In brief, hepatocytes cultured as monolayers were used as stimulator cells.
Allogeneic peripheral blood mononuclear cells (PBMC) from
healthy donors were isolated from whole blood by density gradient centrifugation and used as responder following staining with PKH-26. MLHC was performed in 6-well plates with 2 mL supple- 
| Flow-cytometry for analysis of proliferative alloresponses in MLHC
PKH-26 stained PBMC were analysed on day 10 by flow-cytometry.
Additional staining for CD4 and CD8 was performed to distinguish T cell subpopulations as previously reported. 7 Furthermore, staining for CD3 and CD56 was performed in order to identify Natural killer (NK) cells. Flow-cytometric measurements were performed with a FACSCalibur (BD Biosciences) and results were analysed by FACSDiva software.
| Cytokine multiplex analyses
Cytokine secretion analyses were performed in cell culture supernatants using a Th1/Th2/Th17 Milliplex kit (Merck Millipore, Schwalbach, Germany) and Luminex 100/200 technology according to the manufacturer's instructions. Cytokine concentrations were calculated using the Xponent software version 3.1 (Thermo Fischer Scientific).
| NK cell isolation
NK cells were isolated from PBMC of healthy donors (n = 3) by negative selection using MACS (Magnetic Activated Cell Sorting) technology (Miltenyi-Biotec) as previously reported. 14 NK cell purity was determined by FACS as CD3 -CD56 + lymphocytes and reached >80%.
NK cell subsets were analysed using mAb specific for CD56, CD16, CD6 and DNAM-1 (CD226) as described by Hoffmann et al. Experiments were performed with PHH from n = 3 different donors. 
| Flow-cytometric analysis of T and NK cell ligands on PHH
| Albumin synthesis
The synthesis of albumin by hepatocytes was assessed using the Human Albumin ELISA Quantitation Set (Bethyl Laboratories)
according to the manufacturer's instructions as previously reported. 
| In vitro morphology
The morphology of with/without HLA class I silenced PHH or was assessed daily throughout the entire culture period using phase-contrast microscopy.
| Statistical analysis
Statistical analysis was performed with GraphPad Prism 5 (Hersteller). Mann-Whitney U test and paired t test were applied as appropriate. Differences were regarded statistically significant with P < 0.05. Results were expressed as mean ± SEM unless indicated otherwise.
| RE SULTS
| Early surface expression of T and NK Receptor Ligands on PHH
In order to analyse the impact of HLA class I silencing in this setting, first, the surface expression of HLA class I, the non-classical In contrast to these molecules, two populations were observed for ICAM-1 expression indicating different densities of this adhesion molecule on PHH.
| Silencing HLA class I expression on hepatocytes
The transduction of hepatocytes with the lentiviral vector encoding for shβ2m caused significant down-regulation of β2-microglobulin transcript levels of 96% (P < 0.001) in comparison to shNS F I G U R E 1 Statistical overview of surface marker expression of PHH. PHH were stained for indicated ligands and analysed by flow-cytometry. A, Representative dot plots depicting ligand expression, B, bar charts summarizing the results. Data are presented as mean ± standard deviation. (n = 4, *P < 0.05, **P < 0.01, ***P < 0.001) F I G U R E 2 Silencing HLA class I expression on hepatocytes. A lentiviral vector encoding for shβ2m was used to silence HLA class I expression on hepatocytes. Non-transduced cells or transduced with a vector encoding for a non-specific shRNA sequence were used as controls. A, Levels of β2-microglobulin transcripts were detected by real-time PCR 48h after transduction (n = 5). B, Representative experiment of HLA class I protein levels on genetically modified hepatocytes and controls. Mean fluorescence intensities (MFI) are indicated in the plot for each condition. C, The bar graph depicts mean ± SEM of the level of HLA class I expression on hepatocytes. HLA expression was normalized to the levels detected on hepatocytes treated with the control vector encoding for the non-specific shRNA (shNS). (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001) (Figure 2A) . This contributed to a reduction in HLA class I cell surface protein levels of 57% (P < 0.001) in the hepatocytes expressing shβ2m in comparison to shNS ( Figure 2B ,C).
3.3 | Albumin synthesis, Aspartateaminotransferase activity and urea production were not affected by HLA class I silencing
To evaluate the potential impact of HLA class I silencing on the functional capacity of PHH, subsequent studies on cultured hepatocytes were performed. As a measure of cell damage, the leakage of AST into the culture supernatants was assayed, but did not show significant differences between the control and the various experimental groups. Regarding the synthesis of albumin (hepatocyte specific function) and the production of urea, there were likewise no significant differences concerning the different experimental groups as summarized in Figure 3 . Furthermore, in line with the functional findings, no morphological differences in cultured cells could be observed. Cells of all groups showed the typical morphological appearance of PHH using phase-contrast microscopy. These were highly prismatic, presented a typical polygonal shape and were either mono-or polynucleated (data not shown).
| Suppression of proliferative alloresponses in MLHC by silencing of HLA class I expression on hepatocytes
The novel co-culture system MLHC was used to characterize the immune responses against allogeneic PHH and the immunosuppressive potential of silencing HLA class I expression on hepatocytes. As described previously, 7 the immune response induced by allogeneic PHH in vitro was predominantly CD4 + T cell driven, whereas only limited proliferation was observed for CD8 + T cells ( Figure 4A ,B).
The proliferative alloresponse of PKH-26 stained PBMC was significantly reduced by silencing HLA class I expression on hepatocytes (5.7% ± 2.5% (shβ2m) vs 13.4% ± 3.8% (NC); P = 0.0156; Figure 4A ,B).
In detail, CD4 + and CD8 + T cells both showed significant reduction in alloproliferation towards silenced hepatocytes (shβ2m), when compared with the untreated control group (NC) (5.9% ± 2.5% vs 11.3% ± 3.5%, P = 0.0156 and 1.7% ± 1.0% vs 2.6% ± 0.8%, P = 0.0333 respectively). At the same time the frequency of CD3 -CD56 + NK cells was low in general and not significantly altered upon silencing HLA class I expression in hepatocytes (1.2% ± 0.8% vs 1.3% ± 0.4% for shβ2m vs NC, P = 0.8842, n:3).
Measurement of cytokine levels on day 10 in supernatants of
MLHC was performed to further characterize the immune reaction of PBMC on PHH with and without HLA class I silencing ( Figure 5 ).
Cytokine levels were highest in the non-transduced (NC) or control shRNA (shNS) groups. HLA class I silencing significantly suppressed pro-inflammatory cytokines such as IL-6 (P = 0.0244), Interferongamma (IFN-γ) (P = 0.0318) and Granulocyte-macrophage colony-stimulating factor (GM-CSF) (P = 0.0075) compared to MLHC with non-HLA class I silenced PHH (NC). T-helper (Th) 2-associated cytokine IL-10 was also suppressed; however, the observed differences did not reach statistical significance.
| NK cells are already suppressed by wild-type PHH after 48 hours of culture
Silencing of HLA class I bears the potential of inducing an NK-celldriven immune response. 9 Since NK cells in our experimental setting were only observed at very low numbers on day 10 of MLHC, 
| D ISCUSS I ON
In this study, we present a novel and efficient gene regulatory strategy to decrease immunogenicity of allografts in hepatocyte trans- ligand interactions induce T cell activation and apoptosis, providing further evidence that hepatocytes can promote antigen-presenting cell function. 17 Allen et al also described the role of the T cell response to a mismatched HLA class I antigen in a patient with
Crigler-Najjar type 1. 18 Hence, despite the small number of treated patients, there is an increasing evidence suggesting that disparities 
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